The Disk Substructures at High Angular Resolution Project used ALMA to map the 1.25 millimeter continuum of protoplanetary disks at a spatial resolution of ∼ 5 au. We present a systematic analysis of annular substructures in the 18 single-disk systems targeted in this survey. No dominant architecture emerges from this sample; instead, remarkably diverse morphologies are observed. Annular substructures can occur at virtually any radius where millimeter continuum emission is detected and range in widths from a few au to tens of au. Intensity ratios between gaps and adjacent rings range from near-unity to just a few percent. In a minority of cases, annular substructures co-exist with other types of substructures, including spiral arms (3/18) and crescent-like azimuthal asymmetries (2/18). No clear trend is observed between the positions of the substructures and stellar host properties. In particular, the absence of an obvious association with stellar host luminosity (and hence the disk thermal structure) suggests that substructures do not occur preferentially near major molecular snowlines. Annular substructures like those observed in DSHARP have long been hypothesized to be due to planet-disk interactions. A few disks exhibit characteristics particularly suggestive of this scenario, including substructures in possible mean-motion resonance and "double gap" features reminiscent of hydrodynamical simulations of multiple gaps opened by a planet in a low-viscosity disk.
1. INTRODUCTION Exoplanet surveys have uncovered remarkable diversity in the masses, radii, and composition of exoplanets, as well as in the overall architectures of exoplanetary systems (e.g., Howard et al. 2010; Borucki et al. 2011; Winn & Fabrycky 2015; Fulton et al. 2017) . These wide Corresponding author: Jane Huang jane.huang@cfa.harvard.edu variations in properties are thought to be closely tied to differences in where and when planets formed in the protoplanetary disks orbiting young stars (e.g., Öberg et al. 2011b; Mordasini et al. 2012; Lee & Chiang 2016) . Recent discoveries of complex features in protoplanetary disks, such as annular substructures, spiral arms, and high-contrast azimuthal asymmetries, have fueled interest in using observed disk morphologies to infer the properties of an unseen population of newly-forming planets (e.g., Muto et al. 2012; van der Marel et al. 2013 ; ALMA Partnership et al. 2015; Isella et al. 2016) .
Of these various types of small-scale features, annular substructures have been reported most often. They have predominantly been detected in millimeter continuum emission tracing larger (∼millimeter-sized) dust grains in the disk midplane (e.g., Andrews et al. 2016; Fedele et al. 2018; Long et al. 2018a ), but have also been observed in scattered light tracing sub-micron-sized dust grains in the disk atmosphere (e.g., van Boekel et al. 2017; Avenhaus et al. 2018; Muro-Arena et al. 2018) and in molecular emission (e.g., Isella et al. 2016; Fedele et al. 2017; Teague et al. 2017) . The detections of these annular substructures are particularly intriguing with respect to planet formation theory because numerical simulations have long predicted that a sufficiently massive protoplanet will trigger density waves that eventually shock and create disk gaps (e.g., Papaloizou & Lin 1984; Bryden et al. 1999; Nelson et al. 2000) .
However, it has been unclear whether annular substructures (or any other kind of substructure, for that matter) necessarily arise from planet-disk interactions, and a number of other hypotheses have been proposed to explain their origins. One set of hypotheses suggests that condensation of certain molecular species may affect how dust grains fragment, grow, and drift, in turn causing dust to accumulate in proximity to various snowlines (e.g., Banzatti et al. 2015; Zhang et al. 2015; Okuzumi et al. 2016; Pinilla et al. 2017) . Another group of proposed mechanisms explores the effects of coupling between magnetic fields and disk material, such as zonal flows arising from magnetorotational instability (MRI) turbulence (e.g., Johansen et al. 2009; Simon & Armitage 2014) , surface density enhancements at the edges of dead zones (e.g., Lyra et al. 2015; Flock et al. 2015; Ruge et al. 2016) , and the spontaneous concentration of magnetic flux (e.g., Béthune et al. 2017; Suriano et al. 2018) . Other proposed mechanisms have focused on instabilities arising from interactions between gas and dust, including secular gravitational instabilities resulting from friction between gas and dust (e.g., Takahashi & Inutsuka 2014) or dust-driven viscous ring-instability resulting from dust drift altering the viscosity profile of the disk and amplifying density perturbations (Dullemond & Penzlin 2018) .
While much of our current knowledge of disk substructure comes from serendipitously discovered case studies, establishing the origins of annular substructures in disks can be facilitated by a systematic analysis of their properties. To that end, we undertook the Disk Substructures at High Angular Resolution Project (DSHARP), the first high angular resolution ALMA survey of disks . Substructures are detected in the 1.25 millimeter continuum emission of all 20 sources, lending weight to the notion that millimeter continuum substructures are common and perhaps even ubiquitous. In this work, we present an analysis of the annular substructures observed in single-disk systems. Analysis of the two multiple-disk systems in DSHARP is presented in Kurtovic et al. (2018) . Section 2 provides a brief overview of the disk sample. In Section 3, we measure the locations, widths, and contrasts of the substructures. In Section 4, we examine trends in their positions and sizes. Section 5 comments on possible origins for the substructures and discusses implications for their prevalence in the general disk population. Section 6 summarizes the main findings.
2. SAMPLE OVERVIEW DSHARP targeted 20 systems, 18 of which are singledisk systems (i.e., all sources except AS 205 and HT Lup). In the context of this paper, "the DSHARP sample" refers specifically to these 18 disks. Angular resolutions range from ∼ 30 to 60 mas, probing scales of ∼ 5 to 8 au. Stellar properties, including distances, masses, accretion rates, ages, and luminosities, are listed in Table 1 of Andrews et al. (2018b) . The analysis in this work is based on the "fiducial" images presented in Andrews et al. (2018b) , which also provides details about the observational setup and the calibration and imaging procedure. Table 4 of Andrews et al. (2018b) provides basic information about these images, including synthesized beam sizes, peak intensities, continuum flux densities, and image rms noise levels.
Some portions of the analysis fold in publicly available continuum observations of HL Tau and TW Hya taken at comparable spatial resolution and sensitivity. The TW Hya analysis uses the 1.0 mm image presented in Huang et al. (2018a) and the HL Tau analysis uses the 1.0 mm image presented in ALMA Partnership et al. (2015) . Although 1.3 mm continuum observations are available for both sources (ALMA Partnership et al. 2015; Tsukagoshi et al. 2016) , the 1.0 mm images are used instead because of their better angular resolution and uv coverage.
DISK FEATURES 3.1. Radial locations of annular substructures
We use the term "annular substructures" to refer collectively to the "bright" and "dark" annuli visible in the DSHARP 1.25 mm continuum images. Colloquially, the "bright" and "dark" features are often referred to as "rings" and "gaps," respectively (e.g., ALMA Partnership et al. 2015; Isella et al. 2016; Fedele et al. 2017) . Figure 1 shows the 1.25 mm continuum images of the DSHARP sources with labeled annular substructures. The three-part procedure used to identify and label these substructures is explained below.
First, many of the emission features manifest as wellseparated series of ellipses. The positions of such distinct substructures are measured in a manner similar to that employed for the HL Tau disk in ALMA Partnership et al. (2015) . We perform a preliminary deprojection of each disk image using estimates of the disk orientation from either a Gaussian fit to the image or Table 1 of Andrews et al. 2018b ) from left to right and top to bottom. An arcsinh stretch is applied to the color scale of each disk to increase the visibility of substructures in the outer regions. Axes are labeled with angular offsets from the disk center. Annular substructures are marked with dotted arcs (gaps) or solid arcs (bright emission rings). The synthesized beam is shown in the lower left corner of each panel. (Fedele et al. 2018 for AS 209, Dipierro et al. 2018 for Elias 24, and Andrews et al. 2018a for Sz 114 and GW Lup). For each substructure of interest, the radial intensity profile is measured along a series of evenly spaced azimuthal angles in the deprojected image. The azimuthal angle spacing is set to be on the order of a spatial resolution element-that is, if the FWHM of the major axis of the synthesized beam is b maj and the feature occurs roughly at radius r in units of arcseconds (estimated from visual inspection), then the azimuthal angle spacing in degrees is ∆θ ∼ 360
• × b maj /2πr (with some minor adjustment so that ∆θ is a divisor of 360). In each of the n intensity profile cuts, we search for either a local maximum (if the substructure of interest is a bright ring) or minimum (if the substructure is a gap), generally using a search window of ∼ 6 to 20 au around r depending on the apparent width of the feature. If an extremum cannot be identified in a given intensity profile cut due to insufficient angular resolution arising from the disk projection or to low SNR, that azimuthal angle is excluded. In addition, the azimuthal angles where the spiral arms cross the gap (−117
• < θ < −76
• and 68
• ) are excluded for the Elias 27 disk, and the azimuthal angles spanned by the bright crescent on the southeast side of the HD 143006 disk (80 • < θ < 144 • ) are excluded when fitting its outermost ring. The azimuthal angle conventions are explained in Appendix A.
The n locations of the sampled extrema are mapped back to pixel coordinates for the original image. An ellipse is then fit to the n coordinates extracted for a given annular substructure. The model ellipse is defined by five parameters: the offset of the ellipse center from the phase center (∆x and ∆y), the semi-major axis of the ellipse (r 0 ), the length ratio of the semi-minor to semi-major axis (i.e., the cosine of the disk inclination, cos i), and the position angle (the angle east of north by which the major axis is rotated). The absolute offsets are not physically significant since phase centers were sometimes adjusted to align execution blocks (see details in Andrews et al. (2018b) ), but they are necessary for subsequent calculations of the radial profile. The quality of the fit of the model ellipse to the measured coordinates of the annular substructure is assessed by computing the orthogonal distances d i between the measured coordinates and the model ellipse. The orthogonal distance between a point (x, y) and a curve f (x, y) is the minimum Euclidean distance between the point and the curve. Formulae for calculating orthogonal distances from an ellipse are provided in Zhang (1997) .
The log-likelihood takes the form
where σ is the standard deviation of the orthogonal distances. It is not straightforward to estimate σ directly from the image; although it is tied to the angular resolution, it also depends in some fashion on the SNR of the substructure emission. Thus, in addition to fitting for the five parameters defining the position and orientation of the ellipse, we allow ln σ 2 to be a free parameter. Uniform priors are specified for ∆x, ∆y, and r 0 over the range (−4. 5, 4. 5) based on the typical image size. A uniform prior is also specified for ln σ 2 over the range (−15, −5), under the assumption that the synthesized beam roughly sets the largest possible value of σ and the pixel size roughly sets the lowest. In practice, the best fit values for ln σ 2 generally end up being between −10 and −8, with uncertainties of a few tenths. Gaussian priors for cos i and position angle (P.A.) are specified for the aforementioned axisymmetric sources with previous ALMA measurements. Otherwise, a uniform prior for cos i in the range (0, 1) and P.A. in the range (0
• , 180 • ) are adopted (i.e., the smaller angle east of north is adopted as the position angle, and the direction of the angular momentum vector is not considered because it cannot be determined unambiguously for many of the disks). For HD 143006 and WaOph 6, the bounds for the P.A. are set to (90
• , 270
• ) because the major axis of the disk appears to be relatively close to 180
• (e.g., Cox et al. 2017; Benisty et al. 2018) .
The posteriors are explored with the affine invariant MCMC sampler implemented in emcee (Goodman & Weare 2010; Foreman-Mackey et al. 2013) . Each ensemble consists of 30 walkers and proceeds for 20,000 steps, with the first 500 steps discarded as burn-in. Convergence of the MCMC chains is assessed by checking that the number of steps significantly exceeds the autocorrelation time (typically on the order of 10 2 ). The posterior medians for each well-resolved substructure are listed in Table 1 , with error bars calculated from the 16th and 84th percentiles. If the annular substructure's coordinates were extracted by searching for local minima in the radial profile cuts, it is labeled with the prefix "D" (for "Dark"), followed by the semi-major axis of the best-fit ellipse rounded to the nearest whole number of au. Similarly, if the annular substructure's coordinates were extracted by searching for local maxima, it is labeled with the prefix "B" (for "Bright"), again followed by the semi-major axis of the best-fit ellipse rounded to the nearest whole number of au. This naming convention is adapted from that used for HL Tau in ALMA Partnership et al. (2015) . However, instead of naming the substructures based on the order in which they appear in the disk, we use the radial location of the substructure because precise distances are now available from Gaia (Gaia Collaboration et al. 2016 , and we favor a system that can flexibly accommodate additional substructures identified in future observations. The second part of our procedure addresses features that do not lend themselves well to ellipse-fitting due Figure 2. Deprojected and azimuthally averaged radial intensity profiles ordered by decreasing stellar luminosity from left to right and top to bottom. Light blue ribbons show the 1σ scatter at each radial bin divided by the number of beams spanning the angles over which the intensities are measured. Solid gray lines mark emission rings and dotted black lines mark gaps listed in Table 1 . The Gaussian profiles show the FWHM of the minor axis of the synthesized beams. • (as measured in deprojected coordinates) of the projected disk major axis are included in the average because most of the substructures are poorly resolved along the minor axis. The radial profile is calculated in a similar manner for Sz 114 as well due to the extreme elongation of the synthesized beam. Figure 2 shows the labeled radial intensity profiles. Figure 3 provides logarithmically scaled radial intensity profiles of the disks exceeding 100 au in radius in order to show the substructures in the faint outer regions more clearly.
The radial locations of additional annular substructures are identified by searching for local maxima and minima in the averaged radial profiles and crossreferencing with the original image to verify that they correspond to annular features rather than nonaxisymmetric features such as spiral arms. The uncertainty on the radial location of each extremum is estimated as the width of the radial bin (i.e., one au). The positions of features measured through ellipse-fitting are checked for consistency with the positions measured from the averaged radial intensity profiles.
Finally, for certain disks (e.g., MY Lup and DoAr 33), there are regions of the radial profile that are "plateau"-like rather than local maxima or minima. We classify them as annular substructures because they still appear to represent deviations from standard "smooth" disk profiles (e.g., Andrews et al. 2009; Tazzari et al. 2017) . This is in part justified by optical depth estimates (Section 3.5) indicating that many of these "plateaus" in the intensity profile may trace local extrema in the surface density profile. The inner and outer edges of the "plateau" regions are identified through visual inspection, with some guidance from checking where
dr , the radial intensity profile slope divided by the radial intensity, exceeds −0.05 (i.e., where the radial decrease of the intensity is relatively small). The inner edge of the "plateau" is labeled with the prefix "D" followed by its radial location in au rounded to the nearest whole number. Similarly, the outer edge of the "plateau" is labeled with the prefix "B" followed by its radial location. Because of the greater degree of subjectivity involved in identifying the locations of these features compared to identifying local extrema in the emission profiles, approximate locations are listed in Table 1 without formal error estimates. However, the precision should be on the order of the scale of the synthesized beam (i.e., a few au).
For comparison, the annular substructure locations for the TW Hya and HL Tau disks are appended to Table 1. The small difference in the continuum frequency compared to the DSHARP sources is not expected to significantly affect the substructure positions. The HL Tau substructure positions from Table 2 of ALMA Partnership et al. (2015) are adjusted for the new distance estimate of 147 pc from Galli et al. (2018) and renamed accordingly. The TW Hya substructure positions are measured using the same procedure described for the other sources, except the P.A. is fixed to 155
• and the inclination to 7
• because nearly face-on disk orientations are more reliably measured from gas observations than from continuum observations (Qi et al. 2004 ). We do not rely on molecular line observations to measure the inclinations of the DSHARP disks because a large fraction of them are cloud-contaminated (see the 12 CO channel maps in Andrews et al. 2018b) . The distance to TW Hya is 60 pc (Gaia Collaboration et al. 2016) , and radial bins are in increments of 0.5 au because of the smaller distance.
Of the DSHARP sample, millimeter continuum substructures have previously been reported for the disks around AS 209 (Huang et al. 2017; Fedele et al. 2018) , DoAr 25 (Cox et al. 2017) , Elias 24 (Cieza et al. 2017; Cox et al. 2017; Dipierro et al. 2018) , Elias 27 (Pérez et al. 2016) , HD 142666 (Rubinstein et al. 2018) , HD 143006 (Barenfeld et al. 2016) , and HD 163296 (Zhang et al. 2016; Isella et al. 2016) . They have also been tentatively reported for the disks around IM Lup (Cleeves et al. 2016) and Sz 129 (Tazzari et al. 2017) . Although a few studies have classified MY Lup as a transition disk (e.g., Romero et al. 2012; Tazzari et al. 2017; van der Marel et al. 2018) , the emission observed at high angular resolution is still centrally peaked. However, there is radial substructure in the vicinity of where Tazzari et al. (2017) inferred a cavity wall from visibility modeling, which may account for its previous classification as a transition disk.
The improved resolution of the DSHARP observations reveals additional structural complexity in all disks with previously known or proposed substructures. Millimeter continuum substructures are reported for the first time in the other DSHARP disks. However, the substructure in the WSB 52 disk is only tentatively classified as annular because the inclination of the disk makes it difficult to discern the exact nature of the features observed along the major axis of the projected emission. 
AS 209 D9 3 ± 1 −3.9 ± 0.9 71.8 ± 0.8 8.69 ± 0.11 35.6 2.1 ± 1.0 992.9 ± 1.3 120.14 ± 0.12 34.92 ± 0.19 85.6 ± 0.3 
Elias 20 D25 −54.4 ± 1.5 −491.0 ± 1.3 181.6 ± 1.5 25.07 ± 0.17 49 ± 1 153.2 ± 1.3 E 3.5 ± 1.0 0.75 ± 0.03
Elias 24 D57 110.0 ± 1.8 −385.8 ± 1.9 418 ± 2 56.8 ± 0.3 27.7 ± 0.9 51 ± 2 E 22.8 ± 0.3 0.03 ± 0.01
GW Lup D74 −2.6 ± 1.5 0.8 ± 1.5 479.2 ± 1.8 74.3 ± 0.2 38.7
0.99 ± 0.02 Table 1 continued 
40.8 ± 0.1 18.9
9 ± 2 13 ± 2 427.0 ± 1.6 25.62 ± 0.14 − − E 4.0 ± 0.5 0.804 ± 0.008
8.2 ± 1.5 13.7 ± 1.5 694.0 ± 1.1 41.64 ± 0.09 − − E 3.40 ± 0.14 0.763 ± 0.009 B45 6.8 ± 1.2 15.3 ± 1.2 745.3 ± 0.9 44.72 ± 0.07 − − E 2.80 ± 0.14 − Table 1 continued 
(1) Name of host star. (2) • is edge-on. (8) Position angle of substructure (east of north). (9) Method used to derive radial location of substructure: "E" indicates ellipse-fitting, "R" indicates identification of local extrema in the radial profile, and "V" indicates identification through visual inspection. (10) Width of substructure (only measured for those identified via "E" and "R" methods). (11) Depth of gap. All uncertainties are 1σ. † Width of feature is narrower than the minor axis FWHM of the synthesized beam (see Table 2 • and 7
• , respectively, based on values derived from 12 CO observations in Qi et al. (2004) .
e Measurements for substructure positions taken from ALMA Partnership et al. (2015) and rescaled to a distance of 147 pc (Galli et al. 2018 ).
Widths and contrasts of annular substructures
Defining the sizes of disk substructures is a more nebulous task compared to measuring their radial positions. The widths and amplitudes of emission rings are sometimes measured by modeling them as Gaussian rings, as is done for the DSHARP observations of AS 209, GW Lup, Elias 24, HD 143006, and HD 163296 Guzmán et al. 2018; Isella et al. 2018; Pérez et al. 2018) . These sources lend themselves well to such a procedure because of the high contrast and large separation of many of their substructures. In other cases where the Gaussian components overlap substantially or where the substructures do not closely resemble Gaussians, it is less useful to define ring widths in terms of Gaussian parameters. In disk simulations, the widths and depths of gaps are often defined with respect to an initial surface density profile (e.g., Duffell 2015; Kanagawa et al. 2016 ), but these definitions do not translate well to observations, where the initial surface density profile is unknown.
Instead, similarly to Zhang et al. (2018) , we take a more empirical approach and define width and depth without assuming a functional form for the substructures or an initial surface density. For an adjacent gapring pair, we define the gap radius r d as the value of r 0 listed in Table 1 for a substructure labeled with the prefix "D" and the reference ring radius r b as the r 0 value listed for the "B"-labeled substructure directly outside the gap. The gap depth is then defined as
where the gap intensity I d is the mean intensity value in the radial bin containing r d and the reference intensity I b is the mean intensity value in the radial bin containing r b . The uncertainty adopted for the mean intensity value is σ bin / √ N beam , where σ bin is the 1σ scatter of the pixel values in the radial bin and N beam is the number of A., inclination, and phase offset. "E" denotes that the offset from phase center, P.A., and inclination are derived by fitting ellipses to individual annular substructures. "G" denotes that these quantities are estimated by fitting a 2D Gaussian to the image. (6) Radial extent of 1.25 mm continuum emission. (7) FWHM of the synthesized beam along the minor axis multiplied by the distance to the source (see Table 4 of Andrews et al. (2018b) for beam dimensions, distance to source, and references).
synthesized beams spanned by the ellipse or arc over which the intensity is being averaged. For measurements of substructure widths, the radial intensity profiles are then linearly interpolated onto radial gridpoints spaced by 0.1 au. The dividing point between the outer edge of a gap and the inner edge of its immediate exterior ring is defined as the radius r d,o (where r d < r d,o < r b ) at which the intensity is equal to I mean = 0.5(I d + I b ). The inner edge of the gap r d,i is defined as the largest value r satisfying the criteria that I(r) = I mean and r < r d . The outer edge of a ring r b,o is defined as the smallest value r satisfying the criteria that I(r) = I mean and r > r b . Thus, the width of a gap is r d,o − r d,i and the width of a ring is r b,o − r d,o . For rings with emission profiles that can be modeled as isolated Gaussians (e.g., , this definition of ring width is essentially the FWHM. A diagram is shown in Appendix B, and a couple special cases are addressed. The measurements are listed in Table 1 . These definitions of width and depth are only applicable to the "D"/"B" pairs that correspond to local extrema in the radial profiles, i.e., those with measurement methods labeled either "E" or "R." Features can have measured widths smaller than the synthesized beam because the peak-to-peak or trough-to-trough separations of the gaps/rings on either side of the feature are still larger than the beam.
For shallow emission features that occur within a series of annular substructures, upper bounds for the widths can be estimated by measuring the peak-to-peak or trough-to-trough distances of the adjacent substructures. It is not clear whether the shallowest emission features correspond to surface density features that are shallow and wide or deep and narrow. Observations at higher sensitivity and angular resolution are necessary to measure the widths and contrasts of shallow substructures.
These definitions have a few important limitations. First, the effects of the beam are not accounted for. Thus, the true gap widths should generally be larger and the ring widths should be narrower. In addition, the true ratio of I d to I b should generally be smaller because beam smearing will reduce peak intensities and "fill in" gaps. For well-resolved features, the effect of beam convolution on the width and depth estimates should not be too significant, but the effects are quite significant for features near the angular resolution limit. Therefore, the values quoted for such narrow features may be better viewed as upper or lower bounds, as appropriate. Second, the gap contrast is defined with respect to the exterior ring because a local maximum is guaranteed to occur outside a local minimum in the radial intensity profile, whereas there is not necessarily a ring interior to a gap. However, this can sometimes lead to coun-terintuitive outcomes, such as D90 in the AS 209 disk having a relatively shallow measurement for gap depth even though the gap intensity is at most a few percent of the peak intensity of the immediately interior B74 feature. Similarly, if the local minimum outside a ring has a much lower intensity value than the local minimum interior to a ring, such as B39 in the AS 209 disk or B65 in the HD 143006 disk, it is not clear whether it is more sensible to view the ring as a narrow enhancement on top of a background profile (which our definition implicitly does) or as a single wide structure without additional background emission (as is done when disk emission is modeled as a series of Gaussian rings). Overall, though, the definitions we adopt are still useful for comparing substructures within the sample and for assessing whether the features are resolved.
The substructure widths and contrasts span a wide range. Substructures range from widths of a few au to more than 20 au, but the majority of the substructures are narrower than 10 au. Variations can be quite wide even within the same sources, as exemplified by AS 209 and HD 163296. Neither substructure widths nor depths in the DSHARP sources increase monotonically with distance from the central star. A majority of the disks have substructures that are marginally resolved (not necessarily exclusively so), suggesting that there could be additional substructures under the resolution limit. The deepest gaps have intensity levels that are at most a few percent of the peak intensity of adjacent rings, but more typically the intensity variations between adjacent gaps and rings are less than 20%. However, many of the low-contrast gaps have widths comparable to the size of the synthesized beam, so their apparent shallowness may result from insufficient resolution. Figure 4 shows the ratio of substructure widths to their radial positions, ∆r /r0, for all but the lowest contrast disks (i.e., MY Lup, DoAr 33, and WSB 52). The measured values are generally largest in the inner 20 au of these disks, which is a limitation imposed by angular resolution, as shown by the gray curves in Figure  4 . Otherwise, values often fall between 0.05 and 0.2, comparable to the typical values for disk aspect ratios, h /r (e.g., Andrews et al. 2010) . Equivalently, the widths are often comparable to expected values for the pressure scale height. A few gaps in the outer disk have notably high values of ∆r /r0 > 0.25: D48 in the HD 163296 disk, D57 in the Elias 24 disk, D22 in the HD 143006 disk, and D61 in the AS 209 disk. These features are among the widest DSHARP gaps in absolute, not simply relative, terms. They are also among the deepest gaps observed, with intensities inside the gap being at most a few percent of those of adjacent rings.
Dust disk radii
To assess how substructure characteristics relate to disk size, we also compute the radius of the millimeter disk, R dust , for each source using a "curve-of-growth"-type method similar to that described in Ansdell et al. (2016) . For each disk, continuum fluxes are measured within a series of increasingly large elliptical apertures with the same P.A. and major axis/minor axis ratio as the projected disk image. The total continuum flux is taken to be the asymptotic value of the flux curve. R dust is defined to be the radius at which the enclosed flux is equal to 95% of the total flux. The values are listed in Table 2 . The uncertainty is estimated as the spacing between elliptical apertures (1 au, limited by the pixel size); the relative uncertainty in the continuum flux does not contribute substantially to the uncertainty in R dust due to the high SNR of the images.
Additional substructures
Sz 129, HD 143006, and HD 142666 exhibit decreases in intensity toward the center of the disk. The angular resolution is not sufficient to determine whether these features are cavities or gaps encircling inner disks. However, high resolution millimeter continuum observations that have detected inner disks inside the cavities of a few transition disks suggest that the distinction between a cavity and an annular gap could largely be a matter of angular resolution (e.g., Andrews et al. 2016; Boehler et al. 2017; Dong et al. 2018b) .
The innermost emission ring of Sz 129 is brighter in the northeast and that of HD 142666 is brighter on the southwest side. The millimeter continuum intensity peak of the HD 163296 disk is also offset southwest from the estimated center of the disk by ∼ 25 mas and may similarly be tracing an inner emission ring. Insets of these disks are shown in Figure 5 . For both HD 163296 and HD 142666, the 12 CO J = 2 − 1 emission indicates that the continuum brightness asymmetries in the inner disk are on the far side of the disk Isella et al. 2018) . Thus, the brightness asymmetry may arise from viewing the heated and puffed up interior of a ring. The absolute geometry of Sz 129 is not immediately clear from the 12 CO observations. A few disks have tentative annular substructures in addition to what is listed in Table 1 . The radial profile of DoAr 25 shows some departures from smoothness inward of D76. However, since the PSF for this disk is poorer than most of the other DSHARP disks due to the abbreviated integration time, better uv coverage will be needed to confirm the structure of the inner disk. The radial profile of Elias 24 has hints of very low amplitude variations between D89 and B123. The emission profile in this region is also unusual among the DSHARP disks for overall being quite flat over a radial span of tens of au, as best seen in Figure 3 . The radial profile of Elias 20 shows some low-amplitude variations outside B36, but additional annular substructures are not obvious in the image (note that this is one of the sources for which the radial profile is only averaged through wedges around the major axis). The disks with spiral arms (WaOph Table 1 , but as discussed further in Huang et al. (2018b) , these features may instead be branches or tightly wrapped extensions of the spiral arms.
Finally, HD 163296 has a crescent-like asymmetry interior to B67 and HD 143006 has an asymmetry exterior to B65. These are discussed further in Isella et al. (2018) and Pérez et al. (2018) , respectively.
Continuum optical depths
It has usually been assumed that the millimeter dust continuum of disks is optically thin (e.g., Beckwith et al. 1990 ). Recent analyses of disk spectral indices and emission sizes have explored whether disks only appear to be optically thin at low resolution because of beam dilution of optically thick substructures (e.g., Ricci et al. 2010; Tripathi et al. 2017) , motivating an analysis of whether the DSHARP substructures are optically thick. Multiwavelength observations are desirable for constraining dust optical depths (e.g., Pérez et al. 2012; Tazzari et al. 2016) , but a rough estimate can still be obtained from the single-wavelength DSHARP observations by approximating the midplane temperature profile with the simplified expression for a passively heated, flared disk in radiative equilibrium (e.g., Chiang & Goldreich 1997;  
where σ SB is the Stefan-Boltzmann constant, L * is the stellar luminosity (taken from Table 1 of Andrews et al. (2018b) ), and ϕ is the flaring angle. The optical depth τ ν is then calculated using the relationship
where I ν (r) is the deprojected, azimuthally averaged radial intensity profile. The full Planck expression is used because the Rayleigh-Jeans approximation loses accuracy at millimeter wavelengths. Since colder temperature profiles lead to a higher estimate of τ and we wish to examine how large the optical depths can possibly be, we select a somewhat conservative value of ϕ = 0.02. This corresponds to h /r ≈ 0.07 at r = 100 au for a star of solar mass and luminosity. The value of ϕ is also chosen to be consistent with the analysis of a subset of the DSHARP sources in , which contains a more detailed discussion of the effect of the assumed temperature profile on other derived disk properties. A higher value of ϕ = 0.05 is selected for the RU Lup disk because lower values yield dust temperature estimates below the brightness temperature of the inner disk. Assuming typical values for the beam size (∼ 50 mas), rms (1.5 × 10 −5 Jy beam −1 ), and disk temperature (10 K), the DSHARP observations are sensitive to dust optical depths on the order of 10 −2 . Given uncertainties in ϕ and L , the optical depth estimates may be up to a factor of two off from the true optical depths (there is also a 10% absolute flux calibration uncertainty, but this is swamped by the uncertainties in the thermal profile).
The 1.25 mm continuum optical depth profiles of the DSHARP sample are shown in Figure 6 . All of the profiles exhibit an apparent decrease in optical depth in the inner few au, which is likely primarily due to beam dilution. The central dips in the profiles for HD 142666, Sz 129, and HD 143006 are also in part due to bona fide optical depth decreases corresponding to the small emission cavities detected. The MY Lup and DoAr 25 optical depth profiles have relatively broad dips toward the disk center, but the extent to which the highly inclined viewing geometry contributes to this is not clear. At high inclinations, deprojection becomes less reliable due to disk vertical structure, so multidimensional radiative transfer modeling would be more appropriate to estimate the optical depths of these two disks.
Factoring in the uncertainty in the stellar host luminosity, Figure 6 indicates that the millimeter continuum optical depths of most of the DSHARP disks are plausibly of order unity out to radii of 5 to 10 au. This is consistent with the finding from Ansdell et al. (2018) that most of the disks observed in the Lupus star-forming region have cores that are optically thick at millimeter wavelengths. IM Lup, RU Lup, and WSB 52 appear to have quite substantial optically thick cores that extend to radii of 15 au or beyond. Cleeves et al. (2016) previously concluded that the inner disk of IM Lup was optically thick at submillimeter wavelengths based on radiative transfer modeling of the 870 µm continuum and the SED. The low continuum optical depth of the HD 143006 rings (aside from the asymmetric feature on B65 that is ∼ 3x brighter than the rest of the ring) makes it unusual among the DSHARP sources. Other- wise, the estimated optical depths at the bright rings in the DSHARP sources typically range from 0.3 to 0.6. Observations of decrements in 12 CO J = 2 − 1 emission at the locations of the outer bright continuum emission rings for the AS 209 and HD 163296 disks suggest that these substructures may be optically thick despite the moderate estimates shown in Figure 6 (Isella et al. 2018; Guzmán et al. 2018) . propose three possible reasons for this discrepancy: the temperatures are overestimated, scattering is significant, or the dust rings consist of optically thick clumps that only appear to be optically thin due to beam dilution.
While the absolute values of the optical depth profiles are highly uncertain, the relative values within each disk are better-constrained because they only depend on the power-law exponent of the temperature profile. Outside the regions where the continuum is optically thick, the optical depth profile roughly traces the product of the dust surface density Σ d and the dust opacity κ ν . In the disks around HD 163296, Elias 24, HD 143006, AS 209, SR 4, and DoAr 25, local variations in the radial optical depth profiles reach one to two orders of magnitude, indicating extremely large local variations in the surface density and/or the dust opacity. Large variations in dust opacity would suggest dramatic changes in grain properties across the gap. To verify this, multiwavelength observations to measure the spectral index would be necessary.
AGGREGATE CHARACTERISTICS OF ANNULAR SUBSTRUCTURES

The radial distribution of annular substructures
Histograms of the positions of the radial substructures of the DSHARP sample, along with HL Tau and TW Hya, are shown in Figure 7 . We also use the scikit-learn implementation of Gaussian kernel density estimation to estimate the distribution. The bandwidth is optimized through leave-one-out crossvalidation to ensure that it is narrow enough to capture significant features but wide enough to smooth over spurious features. The resulting estimates are plotted over the histograms.
Annular substructures occur at virtually all radii probed by millimeter emission, as far inward as r < 5 au (i.e., essentially within ALMA's resolution limits) and as far out as ∼ 155 au. The dropoff in the number of substructures detected beyond a radius of ∼ 40 au appears to be a limitation imposed by the overall radial extent of the disk. The bottom of Figure 7 shows a "survival function" for the disk size, plotting the number of disks with R dust > R over a range of values of R. Among the DSHARP disks, it is quite common for annular substructures to occur near the outer edge of the detected millimeter continuum emission. Elias 27 and IM Lup are notable exceptions, with their millimeter continuum emission extending more than 100 au beyond the farthest detected annular substructures. The presence of spiral arms and the faintness of emission in the outer disk, though, may complicate the identification of more distant substructures. Substructures can occur at even larger radii than what is measured for the DSHARP sample-the V1094 Sco disk has an emission ring located at r ∼ 220 au (van Terwisga et al. 2018) . Intuitively, one might expect the distribution of substructures to decrease monotonically with radius because the disks have varying sizes and the more compact disks by definition cannot have substructures at large radii. Thus, the slight dropoff in the occurrence of substructures at smaller radii is also interesting to consider. Selection effects must play at least a partial role, since the DSHARP sample excluded known transition disks, which by definition have substructure in the inner disk.
The optical depth profiles in Figure 6 suggest that surface density substructures may be obscured in the intensity profile due to the steep temperature changes in the inner disk. Some disks, such as DoAr 33 and WSB 52, have substructures that appear to be "plateaus" in the radial intensity profiles but correspond to distinct local maxima and minima in the radial optical depth profiles. In addition, although the inner 30 au of the Elias 24 and GW Lup images look featureless, their optical depth profiles show slight dips suggestive of additional substructure. However, more accurate temperature profiles derived through radiative transfer modeling are needed to investigate this possibility further.
Substructures may also be more difficult to detect in the inner disk due to smaller characteristic scales and higher optical depths. The scale height, which increases with distance from the star, influences the width of gaps opened by zonal flows and planets (e.g., Bryden et al. 1999; Johansen et al. 2009 ). Even if surface density substructures in the inner disk are sufficiently wide, they may still be obscured in the inner disk due to high optical depth. As shown in Figure 6 , multiple disks appear to have 1.25 mm continuum optical depths of order unity inside radii of 10 au. Notably, the WSB 52 disk appears to be optically thick throughout much of its extent and has the most marginal substructure detection.
Relationship with temperature
Using the radial temperature profiles calculated in Section 3.5, Figure 8 shows the normalized, azimuthally averaged intensity profiles as a function of midplane temperature from 80 to 10 K. This temperature range is chosen to include the freezeout temperatures of key disk volatiles, since several works have proposed that annular substructures trace the locations of various molecular snowlines (e.g., Zhang et al. 2015; Okuzumi et al. 2016; Pinilla et al. 2017) . To examine whether the DSHARP substructures are connected to snowlines, we shade in the freezeout temperature ranges for CO 2 , N 2 , and CO, following the approach in Hollenbach et al. (2009) and using the binding energies and abundances listed in Table 3. While H 2 O, NH 3 , and CH 3 OH are other volatiles expected to be abundant in disks based on cometary measurements and ice observations toward star-forming regions (e.g., Mumma & Charnley 2011; Öberg et al. 2011a) , their binding energies are so high that their snowline locations are expected to be below the resolution limit of the DSHARP observations for all but a couple of the most luminous sources (it is worth noting that HD 163296 and HD 142666, the sources with the highest stellar luminosities, have substructures in their inner 5 au).
There does not appear to be a strong correspondence between temperature and substructure positions. More generally, there is no obvious relationship between stellar luminosity (which controls the temperature estimate) and the substructure positions. With respect to specific snowlines, few substructures are observed within the expected vicinity of the CO 2 snowline. About half the disks have substructures that occur in the expected vicinity of the CO and N 2 snowlines. However, the possible range of locations for the CO snowline can be quite wide depending on whether CO is largely binding to water ice or pure ice. Moreover, there is a high level of dissimilarity in substructures that occur near the expected locations of the CO and N 2 snowlines; some disks have a series of narrow annuli while others have a single wide, deep gap. Thus, it seems unlikely that all of these substructures are directly associated with the CO and N 2 snowlines. Figure 9 plots the distribution of the radius ratios of substructures in the DSHARP sample as well as the HL Tau and TW Hya disks. Because of the large concentration of low ratios and the sparse population of very large ratios, Gaussian kernel density estimates are derived for the distribution of log-ratios rather than for the Sz 114 Figure 8 . Normalized, azimuthally averaged intensity profiles (in descending order by stellar luminosity) as a function of midplane temperature. Shaded regions show the freezeout temperature ranges for CO2 (pink), CO on water ice (light gray), CO on pure ice (dark gray), and N2 on pure ice (orange). The plotted ranges for CO and N2 on pure ice overlap due to the range of gas densities explored, but the CO snowline will be interior to the N2 snowline in a given disk.
The spacings of annular substructures
ratios. Leave-one-out cross-validation is again used to optimize the bandwidth. The estimates are then transformed back to ratio distributions. The plots for pairs of gaps and for pairs of rings (including non-adjacent pairs) only include disks that have multiple gaps or multiple rings (i.e., excluding disks such as SR 4). The plot for pairs of all substructures includes pairs consisting of one gap and one ring, so it is not simply a combination of the two plots above.
Within individual disks, the spread in the locations of substructures can be substantial. The innermost and outermost substructures in disks can be separated by more than 100 au, translating to position ratios exceeding 10. Overall, though, the distributions are dominated by ratios less than 2. Very low ratios (< 1.1) are not often observed, which is probably at least partly due to angular resolution limits.
Assuming Keplerian rotation and that the disk mass is small compared to the stellar mass, semi-major axis ratios corresponding to low-order mean-motion resonances are overplotted in Figure 9 . There is no significant clustering around mean-motion resonances, although some pairs lie near these values. A subset of pairs that are close to resonant locations are identified in Table 4 . We list pairs with ratios within 1% of the exact value, excluding substructures with positions that were estimated visually since the uncertainties are large. The B65:B41 pair from HD 143006 is the most intriguing candidate because it corresponds to two adjacent, narrow, and high-contrast rings that are very close to a 2:1 resonance. Fedele et al. (2018) previously suggested a 2:1 resonance that corresponds to B97 and D61 in the AS 209 disk, although D90-B97-D105 were thought to be a single large gap at the time due to the lower angular resolution of their observations. Multiple candidate resonances are identified for the AS 209 and HD 163296 disks, but they may arise coincidentally due to the large number of annular substructures present in these sources. On the flip side, the radial positions of shallow substructures in disks such as MY Lup and HD 142666 have large uncertainties, so it is difficult to ascertain how well their relative positions correspond to expected resonances. In addition, Tamayo et al. (2015) point out that pericenter precession can significantly shift resonant location ratios in massive disk systems. Thus, Table 4 is not exhaustive.
One might also expect substructure pair radius ratios to cluster around characteristic values if the substructures trace molecular snowlines. Assuming a standard power law expression for the midplane temperature profile, T mid (r) = T 0 (r/r 0 ) −q (note that Equation 3 can be re-formulated in this way), then the radius ratio corresponding to the snowlines of species i and j is where T frz denotes the freezeout temperature. While the analysis in Section 4.2 is subject to large uncertainties in both the thermal profile and the gas number densities, the ratios are more robust to assumptions about these quantities. Using a representative value of q = 0.5 (i.e., the value corresponding to the thermal profiles used throughout this work), then rCO rCO 2 ∼ 5 if we adopt the binding energy for CO on water ice and ∼ 9 using the binding energy for CO on pure ice. As shown in Figure  9 , few substructure pairs have these radius ratios. On the other hand, rN 2 rCO ∼ 1.3 using the binding energy for CO on pure ice and ∼ 2.3 using the binding energy for CO on water ice. A number of substructure pairs have radius ratios between these two values, but not all of them are likely to be associated with the CO and N 2 snowlines. First, many of the DSHARP disks have multiple pairs of close substructures. Furthermore, based on "chemical imaging" techniques, the CO snowline has been estimated to lie at ∼ 20 − 30 au (Qi et al. 2013; van't Hoff et al. 2017) in the TW Hya disk and 75 au in the HD 163296 disk . These two sources bracket the stellar luminosities of the DSHARP sources, which suggests that substructure pairs at radii much smaller than 20 au or much larger than 75 au are also unlikely to be associated with the CO and N 2 snowlines.
Relationship with stellar parameters
The radial positions of the substructures of the DSHARP sample and TW Hya are plotted as a function of stellar mass (M * ), stellar age (t * ), and stellar mass accretion rate (Ṁ * ) in Figure 10 . The stellar parameters for the DSHARP sample are taken from Table 1 of Andrews et al. (2018b) . The adopted parameters for TW Hya are log M * /M = −0.09 +0.04 −0.15 , log t * /yr = 6.8 ± 0.4, and logṀ * /M yr −1 = −8.6 ± 0.5 ). HL Tau is excluded from these plots due to the high uncertainty in its stellar properties (e.g., Robitaille et al. 2007) . The uncertainties for the positions of substructures not corresponding to well-defined local maxima or minima in the radial intensity profile are estimated as the standard deviation corresponding to the major axis of the synthesized beam. No obvious trend emerges with these stellar properties, although the plots do demonstrate that annular substructures are present in disks across a large region of parameter space. The absence of an obvious trend, though, could be a consequence of the selection for bright continuum sources swamping out substructure variations with stellar properties. Recent high angular resolution scattered light observations suggest that annular substructures are common not just in the disk midplane, but also the surface layers. High resolution, high sensitivity scattered light observations have been published for six of the DSHARP targets. Many come from the DARTTS-S survey by Avenhaus et al. (2018) , which used SPHERE/IRDIS to observe in J and H band.
In some cases, the scattered light substructures appear in close proximity to the radial locations of the millimeter continuum substructures. From SPHERE scattered light observations of HD 163296 in J and H band, MuroArena et al. (2018) resolve a ring that matches the location of B67. SPHERE observations in J band of HD 143006 reveal substructures that appear to correspond to D22, B41, D51, and B65 . In SPHERE observations of AS 209, Avenhaus et al. (2018) identify possible annular substructures close to B74 and B120. They also identify narrow, ringlike structures in the inner disk that are ascribed to PSF artifacts, but the presence of narrow ringlike structures in this region in the millimeter continuum raises the question of whether there are also genuine scattered light features blended in with the artifacts. A series of rings are identified in scattered light imaging of IM Lup, although Avenhaus et al. (2018) comment that some of the structure could instead be tightly wrapped spiral arms. The scattered light ring located at 0. 58 (92 au) is close to the apparent end of the millimeter continuum spiral arms. The second scattered light ring occurs at 0. 96 (152 au), which lies just outside B134.
In other cases, scattered light substructures have no obvious correspondence to millimeter continuum substructures. Avenhaus et al. (2018) detect a scattered light ring structure in the IM Lup disk at a radius of 1. 52 (240 au), but there is no nearby substructure seen in the DSHARP observations. However, the SNR is low in the outer disk and the uv coverage is not optimal for recovering faint, diffuse emission. The scattered light ring at r = 2. 1 (332 au) lies outside the detected extent of the millimeter continuum emission. Likewise, Aven- haus et al. (2018) identify a ring in scattered light at a radius of 0. 77 (120 au) in the MY Lup disk, which lies outside the detected extent of millimeter continuum emission. Interestingly, although the RU Lup millimeter continuum is highly structured, the disk appears featureless in scattered light (Avenhaus et al. 2018 ).
Comparison of the DSHARP sources to millimeter continuum substructures in other disks
Besides HL Tau, TW Hya, and the DSHARP sources, annular substructures have been identified in the millimeter continuum of at least 23 other single-disk systems hosted by Class II stars (see Table 5 ). The list above only includes transition disks if substructures besides the large central cavity have been identified in the millimeter continuum. Otherwise, we refer the reader to van der Marel et al. (2018) for a compilation of all transition disks imaged at millimeter/sub-millimeter wavelengths up to the end of 2017 and to Long et al. (2018a) and Cieza et al. (2019) for more recent transition disk discoveries.
All spectral types from M through A are represented among disks with substructures. Among the disks observed at millimeter wavelengths prior to DSHARP, annular substructures occur far more frequently than spiral arms or azimuthal asymmetries. The DSHARP sample conforms to this trend. Three sources (WaOph 6, IM Lup, and Elias 27) have spiral arms (see Huang et al. (2018b) for specific discussion of the spirals). Two sources, HD 143006 and HD 163296, have crescentshaped azimuthal asymmetries near well-defined ring substructures. Outside the DSHARP sample, several other disks have also been shown to exhibit annular substructure in conjunction with spiral arms and azimuthal asymmetries (e.g., Dong et al. 2018b; Cazzoletti et al. 2018 ). Previous observations and DSHARP together suggest a trend of high-contrast azimuthal asymmetries (i.e., azimuthal contrasts larger than a factor of a few) accompanying ring structures preferentially in disks hosted by stars with spectral types of G and earlier.
Because most disks outside DSHARP have been observed at lower angular resolution, detections of disk substructures have been biased toward high-contrast gaps and rings with widths of tens of au. The DSHARP observations, as well as a recent Taurus survey at a spatial resolution of ∼ 15 au by Long et al. (2018a) , suggest that narrower substructures are more typical. Higherresolution observations will likely reveal additional annular substructures in the other disks listed in Table 5 .
While DSHARP excluded large-cavity transition disks, many have now been observed at moderate-tohigh angular resolution (see Table 5 ). Large-cavity transition disks have often been analyzed as a group distinct from "full" disks (e.g., Pinilla et al. 2018; van der Marel et al. 2018) , but the distinction between the two categories ironically becomes blurrier at higher angular resolutions. Substructures detected in "transition" disks exhibit a level of diversity similar to the DSHARP sample. Observed features also include annular gaps and rings, spiral arms, and azimuthal asymmetries (e.g., Fedele et al. 2017; Dong et al. 2018b) . Millimeter contin-uum observations have also begun to detect small inner disks within transition disk cavities (e.g., Boehler et al. 2017; Dong et al. 2018b; Kudo et al. 2018) , suggesting that at least some transition disk cavities could be considered (particularly wide) annular gaps. Meanwhile, several of the DSHARP disks turned out to have small central emission deficits. In addition, while the millimeter continuum emission of the SR 4 disk is centrally peaked, it features a deep annular gap in the inner disk and the SED shows a near-infrared deficit that is reminiscent of transition disk SEDs ). It is not clear whether these various types of sources represent different stages along the same evolutionary path, but they at least suggest that the "transition" vs. "full" disk dichotomy is too simplistic.
5.3. The prevalence of millimeter continuum substructures
Prevalence in Ophiuchus and Lupus
The widespread presence of annular substructures in the DSHARP sample naturally raises the question of whether such structures are ubiquitous. Since DSHARP selected for bright disks, it is not straightforward to derive an occurrence rate for millimeter continuum substructures. Nevertheless, interesting lower bounds can be set for the Lupus and Ophiuchus star-forming regions, from which the bulk of the DSHARP sample originates.
The Lupus star-forming region is ∼ 1 − 3 Myr old and lies ∼ 150 − 170 pc away (e.g., Merín et al. 2008; Alcalá et al. 2014; Gaia Collaboration et al. 2016 . Based on optical and IR spectra, 96 Class II or flat spectrum protoplanetary disks hosted by stars with M * > 0.1 M were identified in the Lupus I-IV clouds and subsequently targeted at millimeter/sub-millimeter wavelengths at an angular resolution of ∼ 0. 3 (Ansdell et al. 2016 . Of the 71 disks with millimeter detections, at least 8 exhibit annular substructure: GW Lup, IM Lup, RU Lup, Sz 114, Sz 129, MY Lup, HK Lup, and V1094 Sco (this work, Tazzari et al. 2017; van Terwisga et al. 2018) . Thus the fraction of Class II Lupus disks with annular substructure is 10%. This lower bound is extremely conservative, considering that the majority of the substructures observed in the Lupus disks are not evident at the angular resolution of the Lupus survey. For perspective, though, 10 large-cavity transition disks have been identified in Lupus (van der Marel et al. 2018) . If considered as distinct categories, disks with annular substructure cannot be much rarer than largecavity transition disks. Taken together, disks with some kind of substructure comprise at least a quarter of all Class II Lupus disks detected at millimeter wavelengths. Moreover, at least among the bright disks, substructures are almost always present. Of the 15 Lupus disks with 1.3 mm continuum fluxes equal to or brighter than the faintest DSHARP disk (DoAr 33), 12 are known so far to have either cavities or annular substructures. Another one of the 15, HT Lup, has spiral arms in its primary disk but does not exhibit annular substructure at the angular resolution of DSHARP (Kurtovic et al. 2018) .
The c2d Spitzer Legacy project identified 223 flat spectrum and Class II disks in the Ophiuchus starforming region, which is similar in age to Lupus but features a higher star formation rate and stellar number density (e.g., Evans et al. 2009 ). The largest millimeter continuum survey so far of Ophiuchus disks, ODISEA, targeted ∼130 Class II and flat spectrum disks (and a small number of Class I disks) with ALMA at an angular resolution of ∼ 0. 2 (Cieza et al. 2019) . At least 7 Class II Oph disks are known to have annular substructures: SR 4, Elias 20, DoAr 25, Elias 24, Elias 27, DoAr 33, and WSB 82 (this work, Cox et al. 2017) , along with an 8th tentative detection in WSB 52. WaOph 6 and AS 209 also have substructures but are only sometimes classified as Ophiuchus sources. Twenty-seven of the flat spectrum/Class II disks in ODISEA have millimeter continuum fluxes equal to or brighter than the faintest DSHARP disk (including DoAr 33 itself). Thirteen of these are known so far to have some kind of millimeter continuum substructure, including cavities and annular substructures. Again, it should be emphasized that the other sources were observed at much coarser angular resolution than the DSHARP sample, but even the existing observations suggest that the prevalence of millimeter continuum substructures is high among bright disks at least. The angular resolution of ODISEA is sufficient to show, though, that it is not common for the Ophiuchus disks to have the kind of deep, wide gaps observed in disks around sources such as AS 209, Elias 24, HD 163296, and HD 143006.
Small versus large disks
Although the radial extents of the DSHARP disks span an order of magnitude, the selection criteria created a sample in which large disks are overrepresented . The DSHARP sources are larger than about 40% of the 105 disk targets drawn from various star-forming regions (Tripathi et al. 2017; Andrews et al. 2018a ) and about three-quarters of the flat spectrum/Class II disks in Ophiuchus (Cieza et al. 2019) . Likewise, other disks with annular substructures reported in millimeter continuum emission (see Section 5.2) have sizes similar to the DSHARP sources.
SR 4, WSB 52, and DoAr 33 are the smallest of the DSHARP sources as traced by millimeter continuum emission. While the gap in SR 4 has one of the highest contrasts measured for the DSHARP sources, DoAr 33 and WSB 52 have very low-contrast substructures compared to the larger DSHARP disks. Furthermore, as shown in Figure 7 , a comparatively small number of annular substructures are detected in the inner 40 au of the DSHARP disks. In a separate survey, Long et al. (2018a) find indications that larger disks tend to have a First reference is for spectral type, second reference is for millimeter continuum observations of annular substructures b Distances computed using Gaia parallaxes (Gaia Collaboration et al. 2018) a larger number of rings. This raises the question of whether the high prevalence of annular substructures in the DSHARP sample signals ubiquity in the overall disk population, or just among larger disks. It has long been a puzzle how large protoplanetary disks persist for Myr timescales when radial drift of millimeter-size grains is expected to act quickly (e.g., Takeuchi & Lin 2002; Brauer et al. 2007) . A possible solution is that disk substructures impede radial drift, allowing large disk sizes to be maintained (e.g., Whipple 1972; Pinilla et al. 2012) . Surveys imaging smaller disks will be essential to determine the extent to which disks of more typical sizes resemble the DSHARP sources. However, if the small disks are also optically thick out to radii of r ∼ 10 au, then emission substructures may not be observable even if surface density variations are present. Thus, nondetections of substructures in small disks will need to be interpreted carefully.
Relationship with age
The median age of the DSHARP sources is ∼ 1 Myr, and the youngest sources have estimated ages of only a few hundred thousand years (with the caveat that age estimates have large uncertainties). The high prevalence of annular substructures suggests that they form relatively quickly in disks. Given how readily substructures have been detected in Class II disks, a natural question is whether some or all of these structures actually formed while the sources were still embedded. Substructures have been reported in a few Class I (or borderline Class I/Class II) disks (ALMA Partnership et al. 2015; Cieza et al. 2016; Sheehan & Eisner 2018) , but a systematic high angular resolution study of Class I disks will be necessary to establish whether these substructures are common at this earlier stage.
Not many disks older than a few Myr have been observed at high angular resolution, but several older disks (e.g., TW Hya, HD 143006, HD 142666, and HD 163296) are known to have annular substructure. This suggests either that these structures are long-lived in disks or that their formation can take place at very different points in the lifetime of a disk. Other than TW Hya, though, the older sources have spectral types of G or earlier and the younger sources are K or M stars, which makes it difficult to isolate trends with disk age.
Possible origins of annular substructures
Planets
The most popular hypothesis for the origin of annular substructures in disks is that they result from gravitational interactions between the disk and one or more planets (e.g., Papaloizou & Lin 1984; Paardekooper & Mellema 2004; Fouchet et al. 2010) . Of the DSHARP sources, the companion hypothesis has specifically been explored for the AS 209, Elias 24, Elias 27, and HD 163296 disk via hydrodynamical simulations attempting to reproduce previous millimeter continuum observations (e.g Isella et al. 2016; Fedele et al. 2018; Teague et al. 2018a; Dipierro et al. 2018; Pinte et al. 2018; Meru et al. 2017; Forgan et al. 2018; Dong et al. 2018a ), although models of the Elias 27 disk have focused on the spiral arms rather than the annular substructures. Planet-disk interactions involving protoplanets ranging from Saturn to Jupiter mass can reproduce the lowerresolution observations, but the detection of additional substructures in the DSHARP observations makes these inferences worth revisiting. Zhang et al. (2018) perform a parameter space study to estimate the planet masses compatible with the gaps observed in the DSHARP sample.
Although large masses have been inferred for many candidate protoplanets in disks with substructure, recent works have explored the possibility that these substructures are created instead by lower-mass planets (i.e., super-Earths) in low-viscosity disks (e.g., Duffell & MacFadyen 2013; Zhu et al. 2014; Dong et al. 2017; Bae et al. 2017) . Whereas each gap has to be opened by a massive planet in higher-viscosity disks, a single planet can open multiple gaps in low-viscosity disks. In particular, Zhu et al. (2014) and Dong et al. (2017) demonstrate that a super-Earth can create a "double-gap" feature wherein annular gaps open interior and exterior to its orbit at a distance of about one pressure scale height. If h/r ∼ 0.1, then potential "double gap" features among DSHARP sources include D90:D105 in AS 209, D74:D98 in DoAr 25, D25:D33 in Elias 20, and D21:D29 in RU Lup. What is particularly interesting about these pairs is that they create "w-features" in the radial intensity profile-that is, the intensity just interior and exterior to the double gap region is comparable to or brighter than the ring separating the two gaps, forming a section in the radial profile that looks like the letter "w." This is not in general a trait of an arbitrary pair of consecutive gaps in the DSHARP sample, but it is a predicted characteristic of double gaps opened by a planet in a low-viscosity disk.
Hydrodynamical simulations of planet-disk interactions indicate that the eccentricity of annular substructures increases for more massive planets and for lower disk viscosities (e.g. Lubow 1991; Kley & Dirksen 2006; Zhang et al. 2018) . Several disks have been proposed to be eccentric based either on offsets between the measured centers of various features (ALMA Partnership et al. 2015; Dong et al. 2018b) or residuals from subtracting an axisymmetric model (Isella et al. , 2018 . For the most part, the DSHARP substructures appear to be concentric within the stated uncertainties of the fitted ellipse center positions. The 1σ uncertainties in ∆x and ∆y are typically 1 − 3 mas each, translating to a few tenths of an au at a typical distance of 140 au. For a face-on disk with well-resolved substructure, offsets of ∼ 1 au between the centers of substructures should be detectable. If taken to represent the distance between the center of an eccentric substructure and the star at one focus, this offset would correspond to an eccentricity of ∼ 0.05 at r = 20 au and ∼ 0.01 at r = 100 au. In the AS 209 disk, the measured center of B120 appears offset from B74 by 6.5 ± 1.4 mas (0.79 ± 0.17 au), which might suggest a very small eccentricity of ∼ 0.01 at r = 120 au. In practice, it is not straightforward to translate measured offsets to eccentricities because vertical structure and optical depth complicate the apparent offsets of substructures in inclined disks (e.g., Pinte et al. 2016) , and substructures with the same eccentricity will not be offset from one another. Forward radiative transfer modeling will be useful to search for more subtle signatures of eccentricity. The inner rings of Sz 129 and HD 142666 may be worthy of further investigation due to the asymmetries noted in Section 3.4. Isella et al. (2018) also discuss possible eccentricity in the HD 163296 disk.
Of the substructures in the DSHARP targets, the ones in the AS 209 and HD 163296 disk may present the most intriguing case so far for originating from planet-disk interactions. Substructures that have been observed in CO isotopologue emission (Huang et al. 2016; Isella et al. 2016 ) may be indicative of gas surface density substructures created by a perturber. Teague et al. (2018a) also find evidence of non-Keplerian gas motion coinciding with the millimeter continuum substructures in the HD 163296 disk. In addition, Guidi et al. (2018) reported the detection of a point source in L band within the D48 feature of the HD 163296 disk, although further observations will be necessary to establish whether the source is a protoplanet. Further arguments for the planet-disk interactions scenario for these two disks are discussed in Guzmán et al. (2018) , Isella et al. (2018) , and Zhang et al. (2018) .
Snowlines
Previously detected substructures in the HL Tau, TW Hya, and HD 163296 disks have been hypothesized to be due to volatile freezeout altering the coagulation and fragmentation properties of dust grains (e.g., Zhang et al. 2015; Okuzumi et al. 2016; Pinilla et al. 2017) . Within the DSHARP sample, the evidence does not seem to point to a snowline origin for most of the substructures. First, since the stellar luminosity plays a central role in setting the thermal profile of the disk, the radii of snowline-related substructures would be expected to scale with luminosity. However, as shown in Figure 2 and Figure 8 , there is not an obvious correspondence between the stellar luminosities/thermal profiles and the location of substructures. In addition, the wide variations in the number of substructures identified in each disk would seemingly require that the major volatile species differ from disk to disk. Furthermore, as discussed in Section 4.3, the relative spacings of the substructures do not suggest that they are primarily associated with snowlines. Of course, if only a single substructure in each disk is related to a snowline, the relative spacings would not follow a pattern. However, since most disks exhibit multiple annular substructures, this would still mean that the majority of the substructures are unrelated to snowlines.
On the other hand, ascertaining whether an individual substructure is related to a snowline is challenging. To help distinguish between snowline and planetary origins, Pinilla et al. (2017) suggest comparing the millimeter emission profiles to scattered light emission profiles-snowlines should not alter the gas surface density and would therefore lead to scattered light substructures that are wider and higher contrast than the millimeter substructures. The emission gaps appear to be deeper and wider at millimeter wavelengths for the AS 209, HD 143006, MY Lup, and RU Lup disks compared to scattered light observations, contrary to expectations for snowline-created structure. In a complementary analysis of several DSHARP sources, find evidence for dust trapping in the high-contrast outer rings in the AS 209, HD 163296, GW Lup, and Elias 24 disks based on comparisons between the ring widths and pressure scale heights. This provides a further argument against the snowline origin, which is not expected to create the requisite gas pressure bumps to trap dust. Finally, while the annular substructures appear relatively shallow and narrow in both scattered light and millimeter continuum emission for the IM Lup disk, Cleeves et al. (2018) predict that the CO snowline is located at r ∼ 40 au, whereas the annular substructures in the IM Lup disk are detected well beyond r = 100 au. Even given the large uncertainties associated with the thermal profile, the IM Lup substructures appear to be much too distant from the central star to be associated with a major volatile snowline.
The lack of an obvious association between substructure and expected snowline locations is in line with several other studies of disks. In a re-analysis of the thermal structure of the HL Tau disk based on modeling multiband high resolution ALMA images, Pinte et al. (2016) find that the disk substructures do not match with predicted snowline locations. van Terwisga et al. (2018) show that the annular substructures in the V1094 Sco disk occur at temperatures much lower than the freezeout temperatures of major disk volatiles. Most recently, in an analysis of 12 disks in Taurus, Long et al. (2018a) find that annular substructures have a large spread in radial locations and do not occur preferentially near snowlines.
The role of internal gas dynamics
Internal gas dynamics arising from the coupling between the magnetic field and the disk dust and gas may also give rise to annular substructure formation. Zonal flows due to MRI turbulence or spontaneous concentrations of magnetic flux can lead to gas density variations up to a few tens of percent across radial extents of several pressure scale heights (e.g., Johansen et al. 2009; Simon & Armitage 2014) , but there remain large uncertainties associated with the global magnetic flux evolution (e.g., Lubow et al. 1994; Okuzumi et al. 2014; Guilet & Ogilvie 2014; Bai & Stone 2017 ). An additional source of uncertainty is the extent of particle trapping within such gas substructures, so it is not yet clear whether the extremely high contrast continuum substructures observed in a few of the DSHARP sources (AS 209, HD 143006, HD 163296, Elias 24) can be created through these "magnetic" mechanisms. In the dead zone scenario, the locations of annular substructures in the dust and gas are associated with a transition in the disk's radial resistivity profile that should occur well under a radius of 100 au (e.g., Dzyurkevich et al. 2010; Flock et al. 2015; Lyra et al. 2015; Ruge et al. 2016) . The majority of the DSHARP substructures occur within r = 100 au, but a third of these disks have substructures that lie outside the largest expected radial extent of a dead zone. Moreover, Ruge et al. (2016) comment that vortices appear along with the ring structures in the majority of their simulations, whereas most of the DSHARP disks do not have obvious asymmetric features indicative of vortices.
Absent a direct detection of a planet, it is not observationally straightforward to distinguish between planet-disk interactions and magnetohydrodynamic effects (e.g., Flock et al. 2015; Ruge et al. 2016) . Studies of molecular lines at high angular and/or spectral resolution could help to address some key uncertainties, with some caveats. First, the strength and morphology of magnetic fields in disks remain unknown, although future measurements of Zeeman splitting could shed some light (e.g., Brauer et al. 2017) . Efforts have also been made to constrain the disk ionization fraction via observations of molecular ions (e.g., Öberg et al. 2011c; Teague et al. 2015; Cleeves et al. 2015) , but identifying the boundary of the dead zone is not straightforward due to the relatively low angular resolution data available thus far and uncertainties about the abundances of charge carriers that have not been detected. Studies of turbulence via molecular line observations may also help to characterize the overall disk gas dynamics, including the extent of the dead zone, but degeneracies with the thermal profile still pose a major challenge (e.g., Flaherty et al. 2015; Teague et al. 2018b ).
Other hypotheses
The list of hypotheses for the origins of substructures in disks is quite extensive. We briefly address a couple additional hypotheses that are also of interest given the characteristics of some of the DSHARP sources.
X-ray photoevaporation has been proposed as a mechanism for dispersing disks from the inside-out (e.g., Ercolano et al. 2008; Owen et al. 2010; Ercolano et al. 2017) . While this mechanism is not expected to generate the annular substructures observed in the DSHARP sample, it could be responsible for the small inner gaps/cavities observed in the HD 143006, HD 142666, and Sz 129 disks.
Secular gravitational instability may create annular substructures in disks with low turbulence, low gas-todust ratios, and Toomre Q 3 (e.g., Takahashi & Inutsuka 2014) . Few estimates exist for disk turbulence, but the turbulent line broadening upper limits derived for HD 163296 and TW Hya are less than a tenth of the sound speed, which is considered weak (e.g., Flaherty et al. 2015 Flaherty et al. , 2018 . Miotello et al. (2017) estimated that the gas-to-dust ratio is less than 10 for RU Lup, GW Lup, Sz 114, MY Lup, and Sz 129, which may make them interesting candidates for secular GI. However, Miotello et al. (2017) also present the alternative scenario that the disks have normal gas-to-dust ratios but are depleted in CO, yielding artificially low gas mass estimates.
Overall, the planet-disk interaction scenario so far seems best able to accommodate the diversity of substructures in disks. Planets can form at any radius where substructures are observed. The diverse exoplanet masses measured offer a straightforward way to explain the large variations observed in gap widths and contrasts. Exoplanetary systems also contain differing numbers of planets, which can help to explain the different number of substructures observed from disk to disk. Even a given planet mass at a given radius can create vastly differing dust substructures depending on the disk viscosity and dust size distribution (e.g., Bae et al. 2018) . While certain individual substructures may be associated with snowlines, the snowline scenario does not seem flexible enough to explain the widely varying number and locations of substructures from disk to disk. More constraints on turbulence and magnetic field properties in disks will be needed to determine whether internal gas dynamics are sufficient to explain the presence of annular substructures without invoking planets. Direct imaging searches for planets and high angular and spectral resolution molecular line observations will provide additional key pieces of information for determining the origins of disk substructures.
6. SUMMARY We present a systematic analysis of annular substructures detected in high angular resolution millimeter continuum observations of 18 single-disk systems from DSHARP. The DSHARP observations suggest that protoplanetary disk substructures are common and thus must trace fundamental evolutionary processes in disks. Our findings are as follows:
• Substructures are detected in the millimeter continuum of all 18 disks. Annular substructures are identified in at least 17 disks and tentatively in an eighteenth, making them far more common than spiral arms and crescent-like azimuthal asymmetries. A minority of disks also feature other kinds of substructures-spiral arms are observed in three of these sources and crescent-like azimuthal asymmetries in another two.
• The dust disk morphologies are diverse, with no two disks having similar emission profiles. Substructures can occur at essentially any disk radius probed by ALMA, with features detected in the inner 5 au of a disk and past radii of 150 au. DSHARP detected both shallow, tightly packed gaps and deep, well-separated gaps, sometimes within the same disk.
• Annular substructures are observed in disks hosted by stars across a range of luminosities, masses, and accretion rates. No immediately obvious relationships emerge yet between the substructure locations and stellar properties, although underlying relationships may be obscured by the selection bias toward bright disks.
• The relative spacings of the substructures and the lack of an apparent correspondence to the thermal profiles suggest that most annular substructures do not trace the locations of snowlines, although it is possible that some individual features are associated with snowlines.
• The observed annular substructures are reminiscent of features observed in simulations of planetdisk interactions. In at least a few disks, some morphological characteristics are particularly suggestive, including substructures in possible meanmotion resonances and "double gap" features resembling hydrodynamical predictions for perturbations by a planet in a low-viscosity disk.
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